Excitatory amino acid transporter type 3 (EAAT3, also known as SLC1A1) is a high-affinity, Na + -dependent glutamate carrier that localizes primarily within the cell and at the apical plasma membrane. Although previous studies have reported proteins and sequence regions involved in EAAT3 trafficking, the detailed molecular mechanism by which EAAT3 is distributed to the correct location still remains elusive. Here, we identify that the YVNGGF sequence in the C-terminus of EAAT3 is responsible for its intracellular localization and apical sorting in rat hepatoma cells CRL1601 and Madin-Darby canine kidney (MDCK) cells, respectively. We further demonstrate that Numb, a clathrin adaptor protein, directly binds the YVNGGF motif and regulates the localization of EAAT3. Mutation of Y503, N505 and F508 within the YVNGGF motif to alanine residues or silencing Numb by use of small interfering RNA (siRNA) results in the aberrant localization of EAAT3. Moreover, both Numb and the YVNGGF motif mediate EAAT3 endocytosis in CRL1601 cells. In summary, our study suggests that Numb is a pivotal adaptor protein that mediates the subcellular localization of EAAT3 through binding the YxNxxF (where x stands for any amino acid) motif.
INTRODUCTION
Excitatory amino acid transporter type 3 (EAAT3, also known as SLC1A1), the human homolog of rodent excitatory amino acid carrier 1 (EAAC1), is a Na + -dependent glutamate transporter highly expressed in a wide variety of tissues including the central nervous system, heart, intestine and kidney (Danbolt, 2001; Kanai and Hediger, 1992; Shayakul et al., 1997) . EAAT3 in the postsynaptic neurons contributes to glutamate and cysteine uptake (Amara and Fontana, 2002; Bianchi et al., 2014; Danbolt, 2001; Nieoullon et al., 2006) , whereas in the epithelial cells of kidney and intestine it mediates the absorption and reabsorption of dicarboxylic amino acids (Bailey et al., 2011) . EAAT3 predominately exists in a large intracellular pool and is rapidly delivered to the plasma membrane in response to excitatory stimuli (Conti et al., 1998; Davis et al., 1998; Gonzalez et al., 2002; Kugler and Schmitt, 1999; Najimi et al., 2002; Yang and Kilberg, 2002) , a process facilitated by Rab11 (Gonzalez et al., 2007b) , synaptosomal-associated protein of 23 kDa (Fournier and Robinson, 2006) and caveolin-1 (Gonzalez et al., 2007a) . EAAT3 can also be constitutively internalized from the plasma membrane through clathrin-dependent and clathrinindependent pathways (Gonzalez et al., 2007a,b) . The detailed molecular mechanisms involved in the translocation processes, however, have yet to be determined.
Numb is a clathrin-associated sorting protein (CLASP) with a phosphotyrosine-binding (PTB) domain, a proline-rich region (PRR) and two carboxyl tripeptide motifs (DPF and NPF). The PTB domain of Numb recognizes the conserved NPxY motif (where x stands for any amino acid) of cargo proteins, whereas the DPF and NPF motifs recruit the α-adaptin subunit of adaptor protein complex 2 (AP2) and Eps15 homology domain-containing proteins (EHDs), respectively (Maldonado-Baez and Wendland, 2006; Santolini et al., 2000; Uhlik et al., 2005; Yap and Winckler, 2015) . Numb has been strongly implicated in the endocytosis of Notch, E-cadherin, β1 integrin, amyloid precursor protein (APP), tyrosine receptor kinase B (TrkB) and P-selectin (Kyriazis et al., 2008; McGill et al., 2009; Nishimura and Kaibuchi, 2007; Sato et al., 2011; Schluter et al., 2009; Zhou et al., 2011) . In addition, we have recently reported that Numb binds the YVNHSF motif of Niemann-Pick C1-Like 1 (NPC1L1) and promotes NPC1L1-mediated cholesterol absorption (Ge et al., 2011; Li et al., 2014; Wei et al., 2014 ).
In the current study, we show that EAAT3 contains a six-aminoacid motif YVNGGF in the C-terminus that directs its intracellular localization in rat hepatoma McArdle RH7777 (CRL1601) cells and its apical localization in Madin-Darby canine kidney (MDCK) cells. This YVNGGF motif preferentially interacts with Numb but not other CLASPs. Specifically, Y503, N505 and F508 of the YVNGGF motif are crucial for Numb binding to EAAT3. Mutating these residues or silencing Numb by use of small interfering RNA (siRNA) results in the aberrant localization of EAAT3 in both CRL1601 and MDCK cells. Furthermore, we provide direct evidence that Numb and the YVNGGF motif mediate EAAT3 endocytosis in CRL1601 cells. Taken together, our results suggest that the interaction between Numb and the YxNxxF motif regulates the subcellular localization of EAAT3 in both non-polarized and polarized cells.
RESULTS
The YVNGGF motif is required for the subcellular localization of EAAT3
Our previous studies have shown that the YVNHSF motif, an endocytic peptide signal recognized by the adaptor protein Numb, is crucial for NPC1L1 endocytosis Wei et al., 2014) . Interestingly, replacing the first residue in this motif, tyrosine (Y), with phenylalanine (F), the final residue phenylalanine (F) with tyrosine (Y), or the histidine-serine (HS) residues for two alanine (AA) residues does not impair the interaction between NPC1L1 and Numb (P.-S.L. and B.-L.S., unpublished results). To identify other proteins that harbor this potential Numb-binding motif, we used Y [F] VNxxF [Y] as a query to search the ExPASy database (http://myhits. vital-it.ch/cgi-bin/pattern_search) and found 164 candidates (Table S1) . Among these hits, 46 were known to have plasma membrane localization according to DAVID functional annotation analysis (https://david.ncifcrf.gov/home.jsp) (Table S1) . We then transfected CRL1601 and MDCK cells, namely a non-polarized hepatoma cell line and a widely used polarized cell model respectively, with these constructs and evaluated the subcellular localization of each protein using confocal microscopy. The expression patterns of PXN and PRKCA remained relatively unaltered in both cell lines transfected with 3A motif compared with those with WT motif (Fig. S1B) (Fig. S1B) .
We next immunolabeled the plasma membrane of CRL1601 cells with an antibody against the transfected T-cell surface glycoprotein CD8 and the basolateral surface of MDCK cells with an antibody against endogenous E-cadherin. The localization of the WT and 3A mutant forms of EAAT3 relative to these markers was then examined using three-dimensional (3D) reconstituted confocal images. The WT form of EAAT3 was mainly present in the cytoplasm of CRL1601 cells ( Fig. 1A ; Movie 1). The 3A mutation, however, resulted in a noticeable redistribution of EAAT3 to the plasma membrane as evidenced by the colocalization of EAAT3 and CD8 ( Fig. 1A ; Movie 2). In polarized MDCK cells, EAAT3 that originally stayed in the cytoplasm and at the apical surface was redirected to the E-cadherin-decorated basolateral surface following 3A mutation ( Fig. 1A ; Movies 3 and 4).
We next sought to determine the specific location of EAAT3 within the cell. CRL1601 and MDCK cells were transfected with plasmids expressing the Myc-tagged WT form of EAAT3 in combination with GFP-tagged Rab11 or LAMP1, which localizes specifically to the endocytic recycling compartment and lysosome, respectively. The Golgi was immunolabeled with an antibody against endogenous GM130 (also known as GOLGA2). We found that the vast majority of EAAT3 colocalized with Rab11. Partial overlap between EAAT3 and LAMP1 was also detected. However, there remained very little association between EAAT3 and GM130 (Fig. 1B,C) . These results suggest that EAAT3 mainly localizes in the recycling endosomes. The YVNGGF motif is highly conserved among vertebrate EAAT3 proteins ( Fig. 2A) . To further decipher the key amino acids within this motif that are essential for the subcellular localization of EAAT3, we prepared seven EAAT3 mutants including the 3A mutant as described above, as well as six single alanine replacement mutants including Y503A, V504A, N505A, G506A, G507A and F508A. Each plasmid was transiently transfected into CRL1601 and MDCK cells, and the distribution of EAAT3 variants was analyzed by confocal microscopy. In addition to 3A mutant, the Y503A, N505A and F508A mutation also resulted in a dramatic redistribution of EAAT3 to the CD8-labeled plasma membrane of CRL1601 cells (Fig. 2B,C) , or at the E-cadherin-labeled basolateral surface of MDCK cells (Fig. 2D,E) . In contrast, alanine replacement at V504, G506 or G507 did not affect EAAT3 localization (Fig. 2D,  E) . These data suggest that Y503, N505 and F508 residues tightly regulate the subcellular localization of EAAT3.
The YVNGGF motif of EAAT3 selectively interacts with Numb Human EAAT3 is a protein of 524 amino acids with ten transmembrane segments and the YVNGGF motif (amino acids 503-508) resides in the cytoplasmic C-terminus (Fig. 3A) . To gain insights into whether the YVNGGF motif of EAAT3 interacts with Numb or other CLASPs, including autosomal recessive hypercholesterolemia (ARH, also known as LDLRAP1), disabled homolog 2 (Dab2) and PTB domain-containing engulfment adaptor protein 1 (GULP1, hereafter referred to as GULP) (MaldonadoBaez and Wendland, 2006; Maurer and Cooper, 2006; Sirinian et al., 2005; Su et al., 2002) , we expressed and purified a GSTtagged C-terminal tail of EAAT3 containing the WT [GST-EAAT3-C(WT)] or 3A mutant [GST-EAAT3-C(3A)] motif, as well as His 6 -tagged ARH and His 6 -tagged PTB domains of Numb, Dab2 and GULP (Fig. 3B ). GST-EAAT3-C(WT) or GST-EAAT3-C(3A) was then incubated with each of the His 6 -tagged CLASPs previously coupled to Ni beads, and the eluate from the beads was analyzed for the presence of GST. As shown in Fig. 3C , Numb but not the other CLASPs preferentially bound to EAAT3-C(WT). All four adaptor proteins, including Numb, however, failed to interact with EAAT3-C(3A). These results suggest that the YVNGGF motif of EAAT3 is specifically recognized by Numb.
Y503, N505 and F508 in the YVNGGF motif of EAAT3 are crucial for Numb binding
To investigate the contribution of every single amino acid in the YVNGGF motif to EAAT3-Numb interaction, we prepared GSTtagged EAAT3-C(WT), EAAT3-C(3A) and recombinants with single alanine mutations, namely EAAT3-C(Y503A, V504A, N505A, G506A, G507A or F508A), from E.coli. These recombinants were then subjected to in vitro pulldown with the His 6 -tagged PTB domain of Numb as described above. In addition to EAAT3-C(WT), variants carrying the V504A, G506A or G507A mutations were also able to bind to Numb with various affinities. The 3A, Y503A, N505A and F508A mutants, however, could not interact with Numb (Fig. 4A ). These results indicate that residues Y503, N505 and F508 in the YVNGGF motif are imperative for the binding of Numb to EAAT3.
To further confirm the EAAT3-Numb interaction, we cotransfected HEK293 cells with a plasmid expressing a Myc-tagged WT or 3A form of EAAT3 [Myc-EAAT3(WT) or Myc-EAAT3 (3A)] together with a plasmid expressing Flag-tagged Numb (Flag-Numb). Cell lysates were immunoprecipitated by anti-Myc beads and then analyzed for the presence of Flag. We found that Numb preferentially bound to Myc-EAAT3(WT) but not Myc-EAAT3(3A) (Fig. 4B ), further confirming that the YVNGGF motif is required for the interaction between EAAT3 and Numb. Moreover, we immunoprecipitated Numb from mouse brain lysates using protein A/G beads previously coupled with the anti-Numb antibody, and detected the appearance of EAAT3 in the pellet. Reciprocally, Numb was also observed efficiently co-immunoprecipitated with EAAT3 ( Fig. 4C ). Taken together, these results suggest that EAAT3 directly interacts with Numb.
Numb is required for EAAT3 endocytosis
Previous studies have shown that Numb regulates the endocytosis of multiple proteins including Notch, E-cadherin, β1 integrin, APP, TrkB and P-selectin (Kyriazis et al., 2008; McGill et al., 2009; Nishimura and Kaibuchi, 2007; Sato et al., 2011; Schluter et al., 2009; Zhou et al., 2011) . In addition, Numb has been recently identified to drive NPC1L1 internalization through binding to the YVNHSF motif (Ge et al., 2011; Li et al., 2014; Wei et al., 2014) . We thus reasoned that Numb, through recognition of the YVNGGF sequence, directs the endocytosis of EAAT3. To test this hypothesis, we co-transfected CRL1601 cells with Myc-tagged EAAT3, Flag-tagged CD8 and siRNA targeting NUMB and then evaluated the distribution of EAAT3. The levels of Numb protein were severely attenuated by two independent siRNA duplexes (Fig. 5A) . As a result, EAAT3 was predominantly relocated to the plasma membrane and co-immunostained with CD8 (Fig. 5B,C) . Similarly, we knocked down NUMB in MDCK cells (Fig. 5D ) and observed a markedly increased basolateral localization of EAAT3 ( Fig. 5E,F) . To exclude possible off-target effects of the siRNA, we transfected NUMB-knockdown cells with plasmid encoding an siRNA-resistant Numb. Numb-DLA, which carries a mutation in the DPF motif and cannot recruit AP2 (Santolini et al., 2000) , was included as a negative control. Exogenous WT Numb, but not Numb-DLA, completely reversed the aberrant EAAT3 patterning resulted from NUMB knockdown in CRL1601 cells (Fig. 6 ). These data suggest that the clathrin adaptor Numb is crucially involved in EAAT3 internalization.
To investigate whether the YVNGGF motif directly mediates the translocation of EAAT3 from the cell surface to the internal pool, we constructed traceable WT and 3A forms of EAAT3 in which three Flag tags were inserted into the second extracellular domain of the protein [Flag-EAAT3(WT) or Flag-EAAT3(3A)], permitting the intracellular trafficking of EAAT3 to be tracked using an anti-Flag antibody (Fig. 7A) . CRL1601 cells transfected with Flag-EAAT3 (WT) or Flag-EAAT3(3A) were incubated with the anti-Flag antibody for 1 h at 4°C so that EAAT3 on the cell surface was fully labeled by the antibody. Cells were then washed and shifted to 37°C to initiate the endocytosis of EAAT3-antibody complex. At different time points, cells were washed with stripping buffer to dissociate the antibody on the surface, followed by permeabilization and fluorescence detection of the internalized antibody. At the 0 min time point without stripping (Fig. 7B, no stripping) , we observed a minimal Flag signal on the surface of cells transfected Flag-EAAT3 (WT), consistent with the notion that EAAT3 stays primarily within the intracellular pool under physiological conditions (Conti et al., 1998; Fournier et al., 2004; Gonzalez et al., 2002; Kugler and Schmitt, 1999; Sims et al., 2000; Yang and Kilberg, 2002) . In cells transfected with Flag-EAAT3(3A), however, a much stronger labeling was detected given that the 3A mutation substantially enhances EAAT3 localization at the cell surface ( Figs 1A and 2B,C) . The addition of the stripping buffer successfully removed the antiFlag antibody on the cell surface (Fig. 7B, 0 min time point) . Compared with that of the 0 min time point, Flag staining was markedly elevated at the 15, 30, 60 min time points in cells transfected with Flag-EAAT3(WT). This phenotype, however, was completely abolished in cells transfected with Flag-EAAT3(3A) (Fig. 7B ,C, 0 to 60 min time points), despite there being more EAAT3(3A) on the plasma membrane at the beginning. We similarly evaluated the effects of Numb on EAAT3 endocytosis using the internalization assay as described above. EAAT3 endocytosis was barely detectable in NUMB-knockdown cells. However, reexpressing siRNA-resistant Numb significantly restored EAAT3 internalization to the extent found in control cells (Fig. 7D,E) . Taken together, these results demonstrate that the YVNGGF motif and Numb are required for the endocytosis of EAAT3 from the plasma membrane to the internal pool in CRL1601 cells. 
DISCUSSION
EAAT3 is mainly intracellular with only 20-30% of the transporter found on the cell surface (Conti et al., 1998; Kugler and Schmitt, 1999; Yang and Kilberg, 2002) . However, it constitutively shuttles between the intracellular compartments and the plasma membrane with a half-life of ∼5 min (Fournier et al., 2004) . A variety of intracellular signaling pathways and protein-protein interactions have been implicated in the modulation of EAAT3 trafficking. For example, activation of protein kinase C (PKC), platelet-derived growth factor (PDGF) receptor or neurotensin receptor can increase the abundance and activity of EAAT3 on the surface of both C6 glioma cells and primary neuronal cultures (Guillet et al., 2005; Najimi et al., 2002) . The interaction between PDZ-domain-containing protein 1 (PDZK1) and the C-terminus of EAAT3 also accelerates the delivery to and the retention on the plasma membrane of EAAT3 in MDCK cells (D'Amico et al., 2010) . Furthermore, cholesterol and isoflurane have been shown to promote the surface expression of EAAT3 from intracellular stores (Huang et al., 2006; Huang and Zuo, 2005; Lortet et al., 2008) . In contrast, syntaxin 1A directly interacts with EAAT3 on the surface and potentiates the clathrin-and dynamin-dependent internalization of the protein, thus leading to the inhibition of EAAT3-mediated glutamate transport (Yu et al., 2006) . In addition, caveolin-1, by forming complexes with EAAT1, regulates EAAT3 cycling on and off the plasma membrane (Gonzalez et al., 2007a) . Here, we identified Numb as a direct EAAT3-associated protein involved in EAAT3 endocytosis in CRL1601 cells. Knocking down NUMB increased EAAT3 localization on the surface by blocking the internalization of transporters into the internal pool. These results are consistent with previous findings showing that the clathrin-dependent pathway contributes to constitutive endocytosis of EAAT3 (Gonzalez et al., 2007b; Yu et al., 2006) . However, we cannot exclude the possibility that Numb might slow down the transport of EAAT3 from the intracellular compartments to the plasma membrane.
In previous studies, the YVNGGFSVDKSD sequence in EAAT3 had been determined to guide EAAT3 insertion into the plasma membrane of C6 glioma cells following PDGF and PKC stimulation (Sheldon et al., 2006) . Another group has reported that the KSYVNGGFAVD sequence in the C-terminus of EAAT3 is required for the apical sorting in MDCK cells and the dendritic localization in hippocampal neurons (Cheng et al., 2002) . Interestingly, we show that the YVNGGF sorting motif, which falls within the above two sequences, regulates the subcellular localization of EAAT3 in CRL1601 and MDCK cells. Thus, the YVNGGF motif represents a key signal for EAAT3 trafficking. More importantly, we provide the first evidence that Y503, N505 and F508 in the YVNGGF motif are crucial for Numb binding as well as for the subcellular localization of EAAT3.
The YxNxxF motif has recently been identified as an endocytic signal motif mediating the internalization of NPC1L1, a process that involves Numb but not ARH or Dab2 (Ge et al., 2011; Li et al., 2014; Wei et al., 2014) . Similarly, we demonstrate that EAAT3 internalization in CRL1601 cells relies on the YxNxxF motif and Numb, and that other CLASPs with a homologous PTB domain, including ARH, Dab2 and GULP, fail to bind the YxNxxF motif. It is noteworthy that the YxNxxF motif highly resembles the consensus (F/Y)xNPx(F/Y) motif in the cytoplasmic tail of Notch, β1 integrin, APP, TrkB and LDLR (Chen et al., 1990; Kyriazis et al., 2008; McGill et al., 2009; Nishimura and Kaibuchi, 2007; Zhou et al., 2011) . Furthermore, both YxNxxF and (F/Y)xNPx(F/Y) motifs conform to the sixamino-acid region involved in the rapid internalization of the cation-dependent mannose-6 phosphate receptor in which aromatic residues are located at the first and sixth positions (Johnson et al., 1990) . These findings, together with our results, suggest that the (F/Y)xNxx(F/Y) motif constitutes a general sequence mediating the internalization of membrane proteins.
In summary, we report that Numb directs the correct compartmentalization of EAAT3 in non-polarized CRL1601 and polarized MDCK cells through binding to a highly conserved YxNxxF motif. Clarifying the requirement of Numb for the subcellular localization of EAAT3 might shed light on the contribution of this transporter to glutamate and glutathione homeostasis in neurons and epithelial cells.
MATERIALS AND METHODS

Plasmids
The coding region of human NUMB and EAAT3 was amplified from Huh7 cells and HEK293 cells, respectively, by standard PCR and cloned into the p3xFLAG-CMV-10 vector or the pcDNA3.0 vector containing a C-terminal 5×Myc tag. Site-directed mutagenesis was performed using KOD Hot Start DNA polymerase (Novagen). pRSET vectors expressing His 6 -tagged ARH, Dab2-PTB (amino acids 1-220) and GULP-PTB (amino acids 1-154) were generous gifts from Paul A. Welling (University of Maryland School of Medicine, Baltimore, MD). EAAT3-C (amino acids 441-524) containing a WT or a mutated YVNGGF motif were cloned into the pGEX-4T-3 vector. For Flag-EAAT3(WT) and Flag-EAAT3(3A), a 3×Flag tag was inserted between E152 and N153 of EAAT3 containing either a WT or 3A mutated motif in the pcDNA3.0 vector.
Cell culture
CRL1601, MDCK and HEK293 cells were grown in a monolayer at 37°C under 5% CO 2 . Cells were maintained in medium A (Dulbecco's modified Eagle's medium containing 100 units ml −1 penicillin and 100 μg ml −1 streptomycin sulfate) supplemented with 10% fetal bovine serum (FBS). Animals 8-week-old male BALB/C mice were used in accordance with the guidelines of the Institutional Animal Care and Use Committee of the Shanghai Institutes for Biological Sciences. Mice were housed under a 12-h-light-12-h-dark cycle and had access to food and water ad libitum. 
Antibodies
Antibodies were as follows: mouse monoclonal anti-CHC (1:2000, cat. no. 610500, BD Transduction Laboratories, San Jose, CA); rabbit polyclonal anti-Numb (1:1000, cat. no. sc-25668, Santa Cruz Biotechnology, Dallas, TX, and 1:1000, cat. no. 2756, Cell Signaling, Danvers, MA); rabbit polyclonal anti-EAAT3 (1:1000, cat. no. sc-25658, Santa Cruz Biotechnology); mouse monoclonal anti-E-cadherin (1:200, cat. no. U3454, Sigma, St Louis, MO); mouse monoclonal anti-His (1:1000, cat. no. M20001L, Abmart, Berkeley Heights, NJ); rabbit polyclonal anti-Myc (1:1000, cat. no. 06-549, Millipore, Billerica, MA); mouse monoclonal anti-Flag (1:1000, cat. no. F1804, Sigma); mouse monoclonal anti-GM130 (1:1000, cat. no. 610823, BD Transduction Laboratories); rabbit polyclonal anti-GST, produced in our laboratory; mouse monoclonal antiMyc was prepared from the 9E10 hybridoma cell line (ATCC); Alexa-Fluor-555-conjugated donkey anti-rabbit-IgG (1:1000, cat. no. A31572) and Alexa-Fluor-488-conjugated goat anti-mouse-IgG (1:1000, cat. no. A11001) from Life Technologies (Carlsbad, CA); horseradish-peroxidaseconjugated donkey anti-mouse-IgG (1:10,000, cat. no.111587) and antirabbit-IgG (1:10,000, cat. no. 113096) from Jackson ImmunoResearch Laboratories (West Grove, PA).
Immunofluorescence
Cells grown on glass coverslips were fixed with 4% paraformaldehyde (PFA) in PBS for 20 min at room temperature and washed with PBS. Cells were permeabilized with 0.2% Triton X-100 in PBS for 5 min and blocked with 1% bovine serum albumin (BSA) in PBS for 1 h at room temperature. Cells were then incubated with primary antibodies for 1 h at room temperature, washed with PBS three times and incubated with secondary antibodies for 1 h at room temperature. Cells were examined and imaged under a Leica TCS SP8 confocal microscope. A total of 100 cells from three independent experiments were scored.
In vitro pulldown assay
Recombinant proteins, including GST-EAAT3-C(WT), GST-EAAT3-C with the 3A, Y503A, V504A, N505A, G506A, G507A, F508A mutations, His 6 -tagged ARH and His 6 -tagged PTB domains of Dab2, GULP and Numb were expressed in Escherichia coli (BL21; Invitrogen) and purified under non-denaturing conditions using glutathione-Sepharose 4 Fast Flow (GE Healthcare) or Ni-NTA Agarose (Qiagen) following the manufacturers' instructions. Aliquots of Ni-NTA bead slurry containing 50 μM His 6 -tagged protein were mixed with 20 μM GST-tagged protein in 300 μl of binding buffer (20 mM HEPES pH 7.5, 20 mM imidazole, 120 mM potassium acetate, 10% glycerol, and 0.1% Triton X-100) and incubated for 1 h on a rotating platform at 4°C. Beads were spun down at 2000 g for 5 min and washed five times with the binding buffer. Proteins were then eluted from the beads in the loading buffer and subjected to western blot analysis. The immunoblots were probed with anti-His and anti-GST antibodies.
Immunoprecipitation
Cells or brains were homogenized in the lysis buffer (5 mM EDTA, 5 mM EGTA, 0.5% NP-40, and protease inhibitors). Lysates were incubated with Protein A/G agarose (Santa Cruz Biotechnology) coupled to anti-Myc, antiNumb or anti-EAAT3 antibody for 2 h at 4°C. Beads were spun down at 2000 g for 5 min and washed five times with the binding buffer. Proteins were then eluted from the beads in the loading buffer and subjected to western blot analysis. The immunoblots were probed with anti-Numb and anti-EAAT3 antibodies.
Immunoblotting
Cells were harvested and homogenized in 120 μl of RIPA buffer containing protease inhibitors. The protein concentration of whole-cell lysates was determined using Lowry method (Bio-Rad). Samples were mixed with the loading buffer and boiled for 10 min. Proteins were resolved by SDS-PAGE electrophoresis and transferred onto nitrocellulose membranes. Immunoblots were blocked with 5% BSA in TBS containing 0.075% Tween 20 and probed with primary antibodies overnight at 4°C. After washing in TBST three times, blots were incubated with secondary antibodies for 1 h at room temperature. Immunoreactivity was developed with SuperSignal chemiluminescent substrate (Thermo Scientific).
RNA interference
Duplexes of siRNA were synthesized by Genepharma (Shanghai, China): rat siNumb-1, 5′-GGACCUCAUAGUUGACCAG-3′; rat siNumb-2, 5′-GC-UGUCCCUACGCAUCAAU-3′; dog siNumb-3, 5′-GAUGUCACCCUU-UAAACGC-3′; dog siNumb-4, 5′-CCAAGGGAAUGCAUUCCUU-3′; control, 5′-UUCUCCGAACGUGUCACGUU-3′. CRL1601 and MDCK cells were plated at a density of 80,000 cells per well and 50,000 cells per well, respectively, in 12-well plates (day 0). Cells were then transfected with siRNA oligonucleotides (50 nmol) using Oligofectamine (Life Technologies) 24 h later (day 1). One additional transfection was performed on day 3, and cells were harvested on day 4.
EAAT3 endocytosis assay
Cells grown on glass coverslips were washed with ice-cold PBS and incubated with the anti-Flag antibody (1:1000) in ice-cold medium for 1 h at 4°C. Cells were rinsed twice with ice-cold PBS and transferred to a 37°C incubator to allow endocytosis for different time intervals. After incubation, cells were returned to 4°C and washed with the stripping buffer (0.2 M acetic acid, 0.5 M NaCl, pH 2.8) to remove any uninternalized antibody on the surface. Cells were finally washed with ice-cold PBS, fixed with 4% PFA in PBS, permeabilized with 0.2% Triton X-100 in PBS and stained with Alexa-Fluor-conjugated secondary antibodies.
Quantification of fluorescence intensity
The fluorescence intensity of cells was quantified using Image J software (National Institutes of Health). Colocalization was analyzed using the colocalization indices plugin. Manders' overlap coefficients, which allow the quantification of overlapping pixels from each channel, were calculated. An overlap coefficient equivalent to 1 was defined as 100%.
Statistical analyses
Results are presented as mean±s.d. All the data were analyzed by unpaired two-tailed Student's t-test or one-way ANOVA. Data are presented as mean±s.d., n=100, from three independent experiments. ***P<0.001, n.s., not significant (one-way ANOVA).
